InN epilayers were prepared on c-GaN/sapphire substrates by plasma-assisted metal-organic molecular beam epitaxy using N 2 and trimethylindium precursor as the V/III sources. We studied the influence of the V/III flow ratio on the film structure, surface morphology, film compositions, and optical and electrical properties using scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray diffraction, X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), photoluminescence (PL) measurement and Hall effect. The results show that epitaxial InN films can be obtained with the V/III ratio in the range between 1.81 and 4 at 500 • C. The InN growth rate decreases from 1.9 to 1.4 μm/h when the ratio increases from 1.81 to 4. The surfaces of the InN films are not smooth in the V/III range used. Cross-sectional TEM revealed that the planar defect density in InN is as high as ∼ 1.5 × 10 6 cm −1 at a V/III ratio of ∼1.81. XPS and SIMS results show that the film surface contains oxygen, which is found to affect the measured carrier mobility and concentration. 3 InN has attracted intensive research interest mainly because of its possible applications in highspeed/high-frequency electronics 1 and terahertz emission. 4 Above all, the narrow bandgap of InN allows III-nitride ternary alloy systems to extend their spectral range from infrared to deep ultraviolet, which is advantageous, e.g., for multi-junction solar cell devices.
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such as a small effective mass 2 and the recently discovered small bandgap of approximately 0.7 eV. 3 InN has attracted intensive research interest mainly because of its possible applications in highspeed/high-frequency electronics 1 and terahertz emission. 4 Above all, the narrow bandgap of InN allows III-nitride ternary alloy systems to extend their spectral range from infrared to deep ultraviolet, which is advantageous, e.g., for multi-junction solar cell devices. 5 Further, the electron mobility at room temperature can be more than 2100 cm 2 /V s with a residual carrier concentration of close to 8 × 10 17 /cm 3 . 6 The previously measured energy gap values of the InN were in the range of approximately 1.8-2.1 eV. This could be attributed to the presence of In 2 O 3 (E g = 3.75 eV) 7 inclusions and perhaps to a blue-shift of the absorption-edge quantum-size effects caused by the needle-like crystallite structure. 3 Most of InN samples available today have been grown using metalorganic chemical vapor deposition (MOCVD), 8 molecular beam epitaxy (MBE), 9 and pulse laser deposition (PLD). 10 However, the growth of a high-quality InN film remains a challenge because InN has a low dissociation temperature of about 600
• C. 11 The growth temperature is thus limited by the desorption of nitrogen and the thermal decomposition of the films. 12 Sapphire has been widely used for the heteroepitaxial growth of InN, even though it is an insulator and has a large lattice mismatch with InN (∼25%). However, various types of buffer layers, such as InN, 13 AlN, 14 and GaN, 15 have been found to be critical for the growth of high-quality InN films. InN has been grown on an AlN buffer layer grown on a (0001) sapphire substrate. 16 For the growth of high-quality InN, GaN has been used as the buffer layer 17 primarily because the lattice mismatch is small (∼9%) in this case.
Previous studies of InN deposition on GaN have shown that InN has good crystallinity. Wang et al. reported 18 the effect of flow ratios on the morphology of InN grown by radio-frequency (RF) plasma source molecular beam epitaxy (RF-MBE). Moreover, earlier literature suggests that a precise control of the In/N fluxes can facilitate the growth of high-quality InN. 19 It has also been indicated that the growth of InN by MBE is very sensitive to the V/III ratio. 20 The V/III ratio may also impact the incorporation of other unintentional impurities such as hydrogen and oxygen. 21 In addition, Laboutin et al. indicated that the density and size of InN islands along with their structural and optical properties are strongly influenced by the properties of the underlying GaN buffer layer. 22 25 However, the growth rate of InN grown by conventional MBE is close to 1 μm/h, whereas PA-MOMBE may allow the deposition of InN at high growth rate of more than 1 μm/hr.
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In the past, only few studies have reported the InN growth using PA-MOMBE technique. 27 However, control of PA-MOMBE deposition conditions is still required for obtaining better crystal quality.
In this paper, we report the effect of varied V/III flow ratios on properties of InN films grown on GaN template by PA-MOMBE. Structural characterization of the grown films shows that the crystallinity of InN depends significantly on the V/III ratio.
Experimental
InN films were grown on GaN/Al 2 O 3 substrates using PA-MOMBE with the background pressure of 1.33 × 10 −7 Pa. Trimethylindium (TMIn) without any carrier gas was used for group-III precursor. For the group-V source, N 2 gas (99.9999%) before flowing into the chamber was decomposed to atomic nitrogen by applying a RF plasma. Commercially available substrates used in this study consisted of 4 μm thick c-plane GaN buffer layer grown on c-plane sapphire by MOCVD. Before the growth of InN, the substrate was thermally treated at 550
• C for 20 min in vacuum, followed by nitridation at 550
• C for 10 min with RF plasma of N 2 gas at 1 sccm. During the InN growth, the gas flow and the reactor pressure were maintained constant. The RF power was maintained at 350 W with a N 2 gas flow rate of 1 sccm (corresponding to 1.33 × 10 −3 Pa). The InN films were grown at various TMIn flow rates for 30 min. In our previous study of PA-MOMBE growth of InN epilayer on GaN buffer layer, 28 we found that the optimum temperature for the growth of high-quality InN films was 500
• C. Therefore, the nominal growth temperature (T G ) at 500
• C was used in the present study for the epitaxial growth of InN films on the GaN template for all the grown films. Structural properties of the InN epilayers were characterized with X-ray diffraction (XRD) using a Cu Kα X-ray line (XRD, Siemens D5000). The full widths at half maximum (FWHMs) of the ω-scan rocking curves of the InN films measured with high-resolution XRD (Bede D1) were used for evaluating the crystallinity. 2θ scan from 23
• to 40
• with step size of 0.005
• in XRD was performed for determining the lattice parameters. Observations of surface morphologies and microstructures of the films were performed in a field-emission scanning electron microscope (SEM, Hitachi S-4300) and a transmission electron microscope (TEM, Philips Tecnai 20). Cross-sectional TEM specimens were prepared by using the focused ion beam technique. The surface morphologies of the layers were also analyzed with atomic force microscopy (AFM) using a Vecco di-D3100 system in tapping mode. The photoluminescence measurements were obtained at 10 K using a diode-pumped solid-state laser of 532 nm wavelength as the excitation source. In order to obtain the distribution of chemical elements in the InN films, the depth profiles were acquired from a secondary ion mass spectrometer (SIMS, CAMECA IMS-6f) with a Cs + ion beam for negative ions and an O 2 + ion beam for positive ions. The X-ray photoelectron spectroscopy (XPS) experiments were performed in a VG ESCA Scientific Theta Probe using Al Kα (hν = 1486.6 eV) radiation to characterize the bonding characteristics of elements in the films. The electrical properties were assessed on the basis of the Hall effect measurements using the van der Pauw configuration at room temperature. Figure 1a shows the XRD θ-2θ scans for the samples grown at the V/III flow ratio of 4, 2.86, 2.22, and 1.81. The XRD patterns of all the deposited InN films with different V/III ratio show that the prominent peaks of InN film, GaN buffer, and sapphire substrate are clearly resolved. All the InN films are preferentially oriented in the c-axis direction. In addition, no metallic In peaks are observed in the patterns, implying that the V/III ratios used for the deposition are appropriate for the TMIn precursor to completely react with nitrogen. The measured rocking curve patterns of the InN (0002) from the samples showed in Fig. 1b exhibit the FWHMs in the range of 455-1167 arcsec among which the sample grown with the V/III ratio of ∼1.81 has the smallest value of 455 arcsec, suggesting that the film quality is reasonably good. The (0002) full-width half maximum (FWHMs) values of all the InN films are higher than that of the GaN layer (∼340 arcsec), probably caused by a relatively large number of defects in InN. In addition, the results indicate that the FWHMs values in the (1012) direction increases from 1070 to 1170 arcsec when the V/III flow ratio increases from 1.81 to 4. However, it is known that the FWHMs of both the symmetric (0002) and the asymmetric (1012) X-ray rocking curves increase with an increase in the threading dislocation (TD) density for screw and edge dislocations, respectively. 29 Also, XRD can be used to quantify the TD density. The dislocation density can be evaluated using the formula:
Results and Discussion
where α is the tilt or the twist angle were determined by the FWHM of symmetric and asymmetric rocking curves, and b is the magnitude of the Burgers vector. The determination of the tilt and twist angles is therefore essential to quantify the TD density in the sample. At the FWHM of the ϕ rocking curve can be used as α indicator of the twist angle. 31 Thus, the FWHM of InN (1012) ϕ scans was used for measurement the twist angle.
From the XRD rocking curves, the screw type dislocation densities for V/III ∼1.81 to 4 can be estimated to be in the range of 3.8 × 10 8 to 2.1 × 10 9 cm −2 , and the edge one in 4.2-5.1 × 10 10 cm −2 . Also, the smaller FWHMs of the InN (10 1 2) rocking curves are obtained with lower V/III ratios. This may imply that the dislocation density in the InN films can be reduced for growth with a low V/III ratio. Figure 2a shows cross-sectional and top-view SEM micrographs of the InN films grown with different V/III ratios. Also, AFM images included in Fig. 2b to shows the surface morphology of the samples. It is clear that the film thickness of InN decreases from 1000 nm to 730 nm with increasing the V/III ratio from 1.81 to 4. Also, the rootmean-square (RMS) surface roughness values were measured from 5 × 5 μm 2 AFM scans. The RMS surface roughness increases monotonically from 12 nm for the V/III∼4 to 25 nm for the V/III∼1.81. The variation of the growth rate with the TMIn flow rate is plotted in Fig. 2c . It is clearly seen that the growth rate increases from 1.4 to 2.0 μm/h when the TMIn flow rate increases from 0.25 to 0.55 sccm corresponding the V/III ratio from 4 to 1.81. However, further increase of the TMI mass flow (V/III < 2.22) does not increase the growth rate, as the excess of In may not form InN bonds as a result of the deficiency of active nitrogen. However, in the V/III range used in the present study, all the film surfaces exhibit rough morphology probably due to the three-dimensional island growth mode.
As the InN film grown with 1.81 V/III ratio has the best crystallinity, the detailed characterization of this film by TEM, SIMS, XPS, PL, and Hall measurement will be presented in the following. Figure 3a shows a typical cross-sectional bright-field TEM image (near two-beam condition with g = 1120 of InN) for the InN/GaN structure deposited with V/III ratio of ∼1.81. The InN film thickness is around 1000 nm. The surface profile of InN is rather rough similar to the SEM observation. In the InN film, no evidence for the existence of metallic-In inclusions can be found in consistence with the XRD result. Interestingly, it is observed that most of the TDs in the GaN do not cross the interface into the InN film. Therefore, most of the defects in InN are likely to form during film deposition or after 3D island coalescence. Figure 3b shows a selected-area electron diffraction (SAED) pattern from the InN film and GaN along the <1120> zone axis. It is clearly observed that the diffraction spots of InN and GaN are well aligned with each other, showing that InN is epitaxial with GaN. Furthermore, no extra diffraction spots can be observed in the pattern, suggesting that no interlayer reaction occurs between InN and GaN and no metallic In phase exists in InN in the nanometer scale. Moreover, it can be clearly observed that the InN spots in the SAED pattern exhibit sharp streaks along the direction of the c-axis, suggesting that there exist a high density of planar defects in the InN film. Figure 4 shows TEM images at high magnification in the twobeam conditions with g = 0002 and g = 1100. In Figs. 4a structure with the c lattice parameter of approximately 0.57 nm close to the value for the InN bulk crystal. 32 Moreover, an analysis of the images indicates that BSFs change the perfect . . . ABABABAB. . . stacking sequence into the . . . ABABCBCB. . . sequence corresponding to the I 1 type of BSFs. The Fourier filtered image reveals the misfit dislocations (MDs) at the InN/GaN interface; the shortest averaged distance between these dislocations is approximately 2.76 nm as a result of the lattice misfit (∼9%), in agreement with the theoretically calculated value. This result indicates that the MDs effectively accommodate most of the misfit strain induced by the lattice mismatch. Figure 6 shows the SIMS depth profiles of the grown InN films for O and C distributions. To remove the effect of background pressure in the SIMS vacuum chamber on the measurement of these light element concentrations, a high-quality thick GaN sample was used for standard reference. The ion yield obtained from the standard sample was used to calibrate the O and C concentrations in the InN samples. The C impurities in the SIMS profile may be originated from the TMIn precursor. The carbon concentration in the grown film is in the order of 10 21 cm −3 , which is the dominant source of unintentional donors for the InN films. Iwao et al. 33 indicated that carbon is incorporated as a background during PA-MOMBE growth, although the electrical properties were improved due to they prefer to form the CO and/or CO 2 with oxygen atoms that have rather high vapor pressures. The oxygen concentration in the InN film is about 2 × 10 19 cm −3 . It is also noticed from the SIMS profile that a relatively high O concentration exists near the surface of the InN film. This may be due to the H 2 O absorption on the InN surface. Specht et al. 34 reported similar result for impurity concentration in MBE-grown InN. As no diffraction spots from crystalline indium oxides can be found in the SAD patterns, the oxygen might exist as impurities or point defects in the film. Alternatively, they might cluster to form stacking faults. Carbon might behave similarly in the film. Figure 7a shows the In3d XPS spectra of the InN films obtained at various depths with V/III flow ratio ∼1.81. As one can see in the spectra, the binding energies (BE) of In3d 3/2 and In3d 5/2 are 451.45 and 443.85 eV, respectively. The result shows that the difference in the BE of In3d 3/2 and In3d 5/2 is almost constant and equal to 7.6 eV in agreement with the value in literature. 35 Figure 7b shows a surface spectrum in which the In3d 5/2 peak can be deconvoluted to two components with a BE difference of 1 eV after curve fitting. The first component has a BE of 444.2 eV, whereas the second component has 445.2 eV. The main peak observed at 444.2 eV can be interpreted to be an In-N bond. The shoulder peak at 445.2 eV can be attributed to the indium bound with oxygen which can be In 2 O 3 (BE ≈ 444.6-444.9 eV), 36 In-O-H (BE ≈ 445 eV), and InO x (BE ≈ 445.1 eV). 37 Oxygen 1s BE spectrum shows in the inset of Fig. 7b . The strongly peak observed at 531.7 eV can be interpreted to be an OH bond 38 from the InN surface. Therefore, the InN film has a high oxygen concentration (10 21 cm −3 ) near the surface in agreement with the SIMS results.
The PL spectrum in Fig. 8 shows an emission peak at 0.716 eV. The infrared peak is a typical characteristic for the high quality InN. However, the PL emission line shape of InN can be characterized as free-to-bound recombination between the degenerate electrons in the conduction-band and the photo-generated holes at the valence-band edge. The shape of the PL band can be analyzed according to the following expression
where f is the Fermi-Dirac function, E G (n) is a carrier concentrationdependent bandgap which approaches the bandgap E G (n)→E G (n) at vanishing the electron carrier concentration n→0, γ is a parameter which increases from 2 to 4 with increasing concentration of free carriers in InN, and E F is the Fermi energy of the degenerate electrons. The solid lines in Fig. 8 show the fitted PL spectrum of InN, revealing a good agreement between the fitting curves and the experimental data. The band-gap is estimated to be 0.692 eV and the Fermi level is 23.9 meV below the conduction band minimum. The band-gap value is close to the 0.67 eV for the high quality single crystalline InN materials. 39 According to the SIMS result, the surfaces of the InN films have high C and O concentrations in the depth range of approximately 10 nm, which may influence the measurements of electrical properties. In order to evaluate the effect of the C and O elements in the InN From the above results, it is shown that the V/III ratio for the growth of InN on GaN by PA-MOMBE has a significant effect on the film crystallinities, surface morphologies, and growth rate. A low V/III ratio may favor the InN growth of better quality. Furthermore, the InN films grown by PA-MOMBE may have a relatively higher density of BSFs and contain high impurity concentrations of C and O elements, compared with those grown by conventional MBE. Furthermore, the electrical properties are closely related with structural properties and film impurities. As a result, for high-quality InN grown by PA-MOMBE, further investigations still need to be done such as using other In-precursor, varying flow for enhanced interaction of In with N, and 2D growth, etc. 
Conclusions
In summary, we have investigated the effect of the V/III ratio on surface, structural, optical, and electrical properties of InN epitaxially grown on GaN/sapphire by PA-MOMBE. Structural characterization by XRD and TEM shows that all the InN films grown with the V/III ratio in the range of 1.81-4.0 had good crystallinity without any metallic In phase. The InN film grown with V/III ratio of 1.81 has better crystallinity, higher mobility of 335 cm 2 /V-s, and a near-infrared emission PL peak at 0.716 eV. Also, SIMS and XPS results show that C and O concentrations in the InN film and on the film surface play significant roles on electrical properties.
